Abstract. The theory of THz radiation transmission through the film of compensated GaN of cubic modification under action of electric and magnetic fields has been developed. In the THz frequency range, spectra of the dynamic mobility tensor have been obtained for applied steady-state electric fields of several kV/cm and magnetic fields of several T. The spectra of transmission, reflection and loss coefficients have been analyzed for the Voigt configuration used for the applied fields. It has been shown that the transmitted wave becomes elliptically polarized, and the spectra of polarization characteristics such as ellipticity and rotation angle of the large axis of polarization ellipse were investigated under conditions of cyclotron resonance and optical phonon transit-time one. It has been found that, in certain frequency bands, polarization characteristics have the features valid for both resonances. The new optical method based on the analysis of ellipticity and rotation angle spectra is offered for determination of the low-field mobility.
Introduction
In recent years, nitride materials, in particular GaN bulk samples and heterostructures, have attracted much attention due to perspectives of high-power and highfrequency applications. In spite numerous experimental and theoretical works devoted to transport properties of nitrides, studies of cyclotron resonance (CR) in these materials received much less attention. Under applied high magnetic field H  the phenomenon of CR manifests itself in strong absorption of electromagnetic waves with the frequencies  close to the cyclotron one, . The CR experiments, dated by 90s, were conducted basically for AlGaN/GaN quantum heterostrucutures [1] [2] [3] , while only one work was reported for GaN film [4] . In these works, the experiments were carried out at helium temperatures and even lower, and the values of electron mobility of the investigated samples were of a few thousands cm 2 /(Vs). Typically, well-pronounced CR absorption was observed for the far-infrared radiation at T 13  H in ref. [1] up to 40 T in ref. [3] . Weaklypronounced CR resonance was reported in refs. [4, 5] for the terahertz (THz) radiation at moderate magnetic fields of several T. The recent progress in the growth technique for high-quality nitride heterostructures with the electron mobility higher than several tens of thousands cm radiation at the magnetic fields less than 1 T [6, 7] . Very often, in the cases of imperfect samples, the interpretation of the transmission spectra under CR conditions and determination of the electron mobility are difficult due to the large broadening of the CR absorption lines.
Here, we will show that for these cases the analysis of polarization characteristics of the transmitted wave can be more informative than those of transmission spectra. Furthermore, we will consider the peculiarities of the electromagnetic wave transmitted through the GaN film subjected to action of both magnetic fields and sufficiently strong steady-state (dc) electric fields. It is necessary to mention another resonance-like effect that can be met when studying the high-field electrical properties of nitrides. It is the effect of optical phonon transit-time resonance (OPTTR) which is associated with formation of a strongly anisotropic electron distribution function elongated along the applied dc electric field. This distribution function is the result of the cyclic, quasiballistic motion of electrons in momentum space interrupted by the fast emission of optical phonons. Under OPTTR conditions, frequency dispersion of dynamic (ac) conductivity has specific oscillating behavior with frequency intervals where the real part of conductivity becomes negative. For the GaN bulk-like samples [8, 9] and nitride quantum heterostructures [10, 11] , OPTTR was predicted in the range of the applied dc electric fields of 1-10 kV/cm and a wide frequency range of about 0.3-2 THz. In spite of significant theoretical progress in description of OPTTR resonance, the experimental efforts aimed at measuring the transmission spectra [12] have not yet provided reliable evidences of OPTTR. However, the specific behavior of the polarization characteristics of transmitted wave can clearly indicate the existence of OPTTR.
Formalism
In this section, we present the theory of interaction of electromagnetic waves with a film of crystal of cubic modification with thickness d. We imply that d is much greater than de Broglie wavelength of electrons, and, consequently, electron transport in the film can be considered as three-dimensional. Other dimensions of the film are assumed to be much greater than both d and wavelength of the incident radiation. All the calculations will be provided assuming the parabolic dispersion law of electrons and the Voigt configuration of the applied fields (see Fig. 1 ). As shown in Fig. 1 , the plane wave is incident upon the normal to plane of the film. The wavevector k  of this wave is perpendicular to the applied steady-state fields E  and H  , which are collinear and directed along z axis. The electric vector in E   of the incident wave lies in the plane y = 0 and subtends the angle  with z axis. 
a) Transmission, reflection and loss coefficients
In the three considered regions: on, inside and under the film, the vector wave equation (2) where I stands for imaginary unit; index z x i , 
; ii  denotes diagonal components of the ac conductivity tensor; scalar quantity  is the background dielectric permittivity. The ac conductivity tensor is associated with the ac mobility tensor Generally speaking, in the presence of both strong dc electric and magnetic fields the dynamic or ac mobility, being the characteristic of the response of electron system to a small-signal ac perturbation, becomes the 3 3  tensor that for the assumed geometry of applied fields is written as 
In the case of the parabolic dispersion law, the dynamic mobility tensor contains only five non-zero components and only three of them The system (2) has the following solutions: 
Finally, the spectra of transmission, reflection and loss coefficients are given by the following formulas:
As follows from Eqs. (7), at    0 (the incident wave polarized along z axis), the spectra of transmission, reflection and loss coefficients will be defined only by the zz ,   component, and at    90 (the incident wave polarized along x axis), the spectra of these coefficients will be defined only by 
b) Polarization characteristics of the transmitted wave
To clarify the physical properties of the transmitted wave, it is convenient to rewrite the components of its electric field in the real form: plane, during one period of oscillation the electric vector will circumscribe some polarization ellipse. This ellipse can be characterized by ellipticity  and rotation angle   of the large axis relatively to the initial angle  . These quantities can be expressed as follows:
In the latter equations
. The essential simplification of the expressions (10) and (11) 
As we can see, the spectra of  and   are determined by the differences of imaginary and real parts of the 
parts of the diagonal components of the dynamic mobility tensor. The position of these two frequencies does not depend on the initial incident angle  . As it will be shown below, determination of these characteristic frequencies could provide values of the scattering time.
Results and discussions
We apply the theory developed in the section 2 to the film of compensated GaN of cubic modification with the following parameters: concentration of ionized impurity [13] , and it was shown that at these parameters OPTTR is most pronounced within the range of the applied electric fields 2 to 8 kV/cm. The low-field mobility  was found to reach the values around 5000 cm 2 /(Vs) (corresponding scattering time ps 57 . 0   ). Note that the similar mobility values were measured experimentally in the free-standing GaN films [14] .
Also, it is assumed the case of classical applied magnetic fields. The classical treatment of the magnetic field is satisfied when
. In the highly nonequilibrium conditions, when the external dc electric field is applied with the amplitudes of several kV/cm, the average energy can reach essentially greater values of about 300 K. Then, the range of the classical magnetic fields extends up to approximately 45 T.
Below, these three different cases will be examined separately: the case of only CR (
, and the case of the simultaneous coexistence of both CR and OPTTR ( 0 , 0
a) The case of cyclotron resonance (
When external dc electric field is absent, the response of electron system to ac perturbation is described in the frames of the simple Drude-Lorentz model:
where time  has a sense of the momentum relaxation time and relates to the low-field mobility as following: . Thus, the transmission and reflection coefficients of THz radiation are mainly conditioned by dielectric properties and geometry of the GaN film and are less affected by the electron subsystem.
However, as follows from formulas (12) and (13) the polarization characteristics  and   are mainly conditioned by the electron subsystem. The spectra of these quantities are shown in Figs 3b and 3c. It should be noted at once that the spectra of both  and   calculated using the exact formulas (10) and (11) (solid lines) are close to the results obtained in the limit of thin film according to the formulas (12) and (13) To finalize the discussion of CR, it should be mentioned the possibility to determine the relaxation time by using the measurements of the polarization characteristics inherent to the transmitted wave. If the electron response obeys the Drude-Lorentz model (Eqs. (14) and (15)), then the characteristic frequencies 1  and 2  are explicitly defined as follows:
Experimentally determining the frequencies which correspond to 0   or 0    (for the sufficiently thin films they practically coincide with 1  and 2  ) the relaxation time  can be easily extracted using the latter formulas.
b) The case of OPTT resonance (
Under condition of the strong applied electric field the electron response cannot be described by the means of the simple Drude-Lorentz model, and frequency dependences of mobility have to be found as based on the numerical solutions of Boltzman transport equation by using the Monte-Carlo technique. Analyzing the peculiarities of THz-light transmission, the spectra of dynamic mobility will be used from ref. [13] . The spectra of , coefficients appear to be more significant at a higher electron concentration. However, as shown in ref. [16] , the effect of OPTTR is highly sensitive to the values of electron concentration and can be strongly suppressed in the dense electron gas due to electron-electron scattering.
In spite of formidable obstacles in identifying OPTTR resonance in the transmission spectra measurements, clear identification of OPTTR can be obtained by measuring the polarization characteristics of the transmitted wave. As seen from Figs 5b and 5c, both spectra of ellipticity and rotation angle have oscillating behavior in the frequency range of OPTTR, which reflects oscillating behavior of the
However, in contrast to the previous case of CR, the existence of united points corresponding to the frequencies when 0
is not optional. For example, for the case under consideration, the ellipticity spectrum has no these points (note, the imaginary parts of . This is because the film thickness was chosen here three times less. At the angle    45 (curves 4), amplification is absent, but the T and L coefficients exhibit the signs inherent to both OPTTR and CR. The same simultaneous manifestation of these effects is observed in the frequency dependences of polarization characteristics  and   (Figs 7b and 7c ). There are united points corresponding to the frequencies 0   and 0    typical for CR, and there is inconspicuous frequency modulation both  and   typical for OPTTR.
Conclusions
In summary, the measurements of the polarization characteristics of transmitted wave through the sample are no less important than the measurements of the transmission spectra. In the cases of thin films, such polarization characteristics of radiation as ellipticity and rotation angle are mainly determined by the highfrequency conductivity of the electron subsystem. The widely discussed in literature effects of optical phonon transit-time resonance and cyclotron resonance can be experimentally identified by the distinctive features of the spectra of ellipticity as well as those of the rotation angle. In the case of cyclotron resonance, the investigations of polarization characteristics can enable to determine the electron relaxation time and, consequently, the low-field mobility.
